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ABSTRACT In this paper, a frequency reconfigurable, conformal, durable, optically transparent, and
unidirectional antenna design is demonstrated for the first time. In the demonstrated design, continuous
frequency tuning is achieved by integrating a varactor diode in a folded dipole radiator, which is backed by
a water-filled reflector to produce unidirectional radiation pattern mimicking the radiation characteristics
of microstrip patch antennas. The radiating component of the explored antenna is manufactured from
transparent conductive fabric, which has about 72% optical transparency and occupies a small fraction of the
entire antenna. The water-filled reflector is located underneath the dipole radiator.Water is contained inside a
rectangular box made from flexible-transparent-hydrophobic polymer, polydimethylsiloxane (PDMS). Both
water and PDMS are highly transparent, moreover, PDMS has excellent flexibility and water is a liquid, thus,
the demonstrated antenna exhibits excellent transparency and durability against physical deformation. The
tiny varactor diode integrated in the folded dipole radiator has insignificant effect on the overall transparency
and flexibility of the antenna. The explored design has been numerically investigated and experimentally
validated through measurements. Measurements show continuous frequency tuning from 2.38 GHz to 2.67
GHz with an average 10-dB return loss bandwidth of about 170MHz. Moreover, the antenna maintains good
front-to-back ratio in the entire operating band.

INDEX TERMS 3-D printing, composite, conformal, folded dipole, polymer, pure water, tunable.

I. INTRODUCTION
Wireless technology is evolving towards multi-functional,
faster, secure and reliable communication systems occupying
compact physical dimensions. With the rapid rising demands
of compact intelligent systems, antennas having tunable
properties are becoming popular. In modern communication
systems, reconfigurable antennas have attracted significant
interests because of their adaptability of operating frequency,
radiation pattern, beam pointing direction, polarization, gain
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and bandwidth. Reconfigurable antennas can be switched
to desired functionalities with the fast-changing operating
environments, thus, enhances the reliability of the systems.
A single reconfigurable antenna alone can do the jobs of
multiple non-tunable antennas. Thus, utilization of reconfig-
urable antenna in an electronic system reduces hardware size,
installation cost and design complexity. Moreover, electro-
magnetic interference (EMI) among adjacent antennas can
be mitigated through replacing multiple antennas of a system
by single reconfigurable antenna. Reconfigurable antennas
have potential applications in civilian and military commu-
nication networks, including cellular networks, satellite and
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radar communications, aerospace technologies, unmanned
airborne vehicle (UAV) radars, smart weapon management
and wearable technologies [1].

In literature, extensive research explorations have been
conducted on the design and realization of reconfigurable
antennas, which primarily focussed on the tunability of
resonance frequency [2], radiation pattern [3], [4], polar-
ization [5] and combinations of two or more of these
properties [6]. Reconfigurability in antennas’ operations are
primarily achieved by mechanically tuning antennas’ geome-
tries [2], [5], [7] or integrating electronic components, such
as varactor diodes [8], PIN diodes [4], [9], photoconduct-
ing switches [6] or RF micro-electromechanical (RF-MEM)
switches [10] within the antenna structures. These recon-
figurable techniques are associated with their own pros and
cons [1]. For instance, mechanically reconfigurable antennas
do not require bias networks and free from power losses
within switching components. However, these antennas are
slow response antennas and antenna geometry needs to be
altered in reconfigurable operations. On the other hand, elec-
tronic reconfigurable antennas are fast response antennas
and antenna geometry do not need to be altered for recon-
figurable operations, but these antennas suffer from power
loss and non-linearity of the integrated lumped electronic
components. In spite of having some limitations, the use of
electronic reconfigurable antennas is increasing. Electronic
reconfigurable antennas can have continuous or discrete tun-
ing characteristics. Among electronic reconfigurable antenna
technologies, RF MEM switches and PIN diodes have dis-
crete tuning capabilities and varactor diodes have continues
tuning properties. In this demonstrated research effort, varac-
tor diode is used to design a frequency reconfigurable antenna
having continuous frequency tuning from 2.38 to 2.67 GHz.

In various applications of modern wireless communi-
cations, antennas are required to be conformal in struc-
tures, especially in wearable technologies where antennas are
mounted on different parts on human body and exposed to
frequent physical deformations [11], [12]. In addition to flex-
ible geometry, unobtrusiveness is also a desirable property
of body-worn devices to conceal their appearance. Unobtru-
siveness enhances the reliability and aesthetics [13], [14] of
wearable devices. It is demonstrated that conformal and trans-
parent wearable devices can be integrated on patients’ body
with nearly unnoticeable appearance. Unnoticeable sensing
technology is an effective method of seamless remote surveil-
lance of patients’ health conditions incorporating minimum
interruption with their regular activities. It is explicit that
sight insensitive wearable devices are becoming influential
components in tele-healthcare and mobile healthcare sys-
tems. However, significant challenges are associated with
the production of robust, flexible and transparent antennas.
The significant challenges that should be mentioned are that
most of the existing transparent conductive and dielectric
materials are not flexible and there is unavoidable trade-off
between their light transparency and electrical characteristics,
and their fabrication can be complex and expensive [15]. So,

effective alternative technologies need to be unveiled to cope
up with these challenges. Moreover, for wearable applica-
tions, it should be considered that human-body is a frequently
variable operating environments for antennas. In many wear-
able applications, antennas need to be reconfigurable to get
best performance in frequently variable on-body platforms.
In addition to wearable technologies, reconfigurable flexi-
ble transparent antennas have also potential applications in
satellite communications, vehicular networks and concealed
cellular networks. However, when it is intended to realize
reconfigurable antennas that are concurrently flexible and
transparent then the challenge is certain degree higher. Main-
taining robust integration of the lumped electronic compo-
nents within antenna geometry in flexible operations is the
major realization challenge of active flexible antennas [8].
For these shortcomings, the progress of the development of
reconfigurable flexible antennas is quite slow.

In recent years, water is becoming a popular material
in antenna fabrication because of its excellent physical,
electrical and optical characteristics and easy availability.
In the literature, good amount of research studies are vis-
ible on water-based antennas, which used either sea water
[16]–[19], pure water [20]–[22] or combination of both [23].
So, water is considered as a potential component for the
realization of transparent-flexible-robust antennas. In this
paper, we have utilized pure water and our recently explored
polymer-conductive-mesh composite technology [12], [15]
to develop a robust, transparent, flexible, unidirectional and
frequency reconfigurable antenna in simple and cost-effective
method. To the best of our knowledge, this is the first
time such an antenna with all of these features combined
together is presented. The radiator of the antenna is a folded
dipole made with transparent fabric, which is backed by a
water reflector enclosed inside flexible polydimethylsilox-
ane (PDMS) cavity that alters the omnidirectional radiation
of the folded-dipole to directional pattern. Varactor diode is
implemented in the radiator to facilitate continuous frequency
tunability, which is activated by reverse biased DC voltage,
supplied through a bias tee. Due to the tiny size of the
varactor diode, its inclusion has insignificant effect on the
transparency and flexibility of the antenna. The proposed
water-based reconfigurable antenna is fabricated by using
3-D printed molds and the fabricated prototype is experimen-
tally tested in different bias states to evaluate its feasibility in
frequency reconfigurable operations.

II. CHARACTERISTICS OF THE MATERIALS
For the demonstrated antenna prototyping, highly flexible
and transparent materials are selected. The radiator of the
antenna is made with Less EMF Inc’s transparent, flexi-
ble and stretchable mesh-structured unique conductive fabric
VeilShield. VeilShield is structurally uniform e-textile, which
is much easier to process than photolithography or inkjet
printing technologies. VeilShield comprises woven 132/inch
gridded mono-filament polyester yarns electroplated with
Zinc-blackened Nickel over Copper. This conductive textile
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FIGURE 1. Dielectric properties of water and PDMS.

sheet is 57 µm thin, comprises 40 g/m2 weight and has
0.1�/sq sheet resistance. For accurate modelling of this mesh
sheet in simulation analysis, its equivalent sheet resistance
after PDMS percolation was estimated through transmission
line and T-resonator analysis [15]. From this analysis, the
estimated equivalent sheet resistance of the PDMS penetrated
VeilShield sheet was about 0.7�/sq [15], this value was used
in the simulation modelling in CST Microwave Studio.

In the proposed design, pure water is used as the pla-
nar reflector. Pure water is nearly 100% transparent, high
permittivity and bio-friendly liquid. In antenna prototyping,
water is contained inside a rectangular container made with
PDMS, which has been emerging for the development of
flexible electronics for its unique characteristics including
biocompatibility, water resistances, excellent flexibility and
transparency (i.e., more than 94% [24]). Uncured PDMS is
a glutinous dense liquid, which turns into flexible substrate
after curing. In our antenna fabrication, PDMS solution was
made with Dow Corning Sylgard 184 silicone elastomer kit
which comes with base and curing agent, commonly to be
mixed at 10:1 ratio. The measured dielectric constant of
the PDMS solution is 2.75, which remains almost invariable
from 2 to 3.5 GHz frequency band, whereas the measured
loss tangent changes from 0.018 to 0.024 in this band of
frequency. On the other hand, at room temperature, purewater
exhibits much higher dielectric constant and loss tangent.
The dielectric constant and loss tangent of the PDMS along
with water are depicted in Fig.1, obtained by measuring with
Agilent 85070E Dielectric Kit. It can be seen that water
has very high dielectric constant, the contrast in dielectric
constant between purewater and PDMS leads to the reflection
of waves radiated by the folded dipole.

III. ANTENNA TOPOLOGY AND OPERATING MECHANISM
A. ANTENNA TOPOLOGY
Fig. 2 illustrates the configuration of the proposed antenna.
The radiating component of the proposed design is a planar
off-center-fed folded electric dipole which is positioned on
top of the PDMS supporting block and the water reflector
layer contained inside the PDMS container. Folded dipole
antenna occupies small size, which makes it suitable in
compact circuit applications. However, this type of antenna

FIGURE 2. Antenna configuration: (a) top view, (b) side view.

has omnidirectional radiation pattern which is incompati-
ble in many applications where unidirectional patterns are
desired, e.g., body-worn applications.Microstrip patch anten-
nas, on the other hand, have the capability of providing
unidirectional radiation because of the existence of ground
plane. However, if it is intended to design transparent patch
antennas then it is hard to achieve high transparency because
no transparent metal can achieve very high optical trans-
parency without compromising conductivity. Moreover, the
overlapping layer of patch and ground further reduces the
overall transparency of the antenna.

Water has almost 100% optical transparency [25], and
PDMS, on top of being highly flexible and durable [15], [26],
[27], also has high optical transparency of approximately
94% [24]. On the other hand, VeilShield has lower trans-
parency (≈72%) [15] than water and PDMS. In the demon-
strated antenna, only the dipole is realized with transparent
metal and its dimension occupies a very small portion of
the antenna. Moreover, there is no metalized ground plane
but water. Such configuration then allows for a realization of
flexible antenna with high optical transparency.

The varactor diode is integrated in the radiator as shown
in Fig. 2 to tune the resonance frequency. The anode and
cathode of the varactor are connected in the radiator as such
a direction so that it can be reversed biased by a single DC
voltage applied together with the RF input through a bias tee.
Thanks to the closed loop structure of the folded dipole, there
is no need for an extra connection for DC current flow to the
ground as well as the RF choke to isolate the RF and the
ground, which is generally required in varactor tuned patch
antennas [8]. The simulated surface current distribution of the
radiator at 2.38 GHz for the junction capacitance of 1.1pF
(the resonance frequency of the antenna is 2.38 GHz for the
junction capacitance of 1.1pF, which will be shown later) is
illustrated in Fig. 3. The diode is placed at the location of high
current density to get good frequency tuning. Upon place-
ment, the varactor is further covered by PDMS to enhance
the attachment for robust integration with the antenna.

B. OPERATING MECHANISM
The main radiator of the antenna is an off-center-fed folded
dipole which has omnidirectional radiation pattern. The water
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TABLE 1. Dimensions of the water-based frequency reconfigurable
antenna.

FIGURE 3. Surface current distribution at 2.38 GHz.

reflector is located at one side of the folded dipole to
transform its omnidirectional radiation pattern to directional
broadside pattern. The large difference in the relative per-
mittivity of water and its surrounding media (i.e., air and
PDMS) creates an approximate boundary criterion exactly
like an electric wall [28]. Hence, the enclosed water acts like
a ground plane, reflecting most of radiation coming from
the dipole towards +z-axis (broadside), thus, emulating the
broadside pattern of microstrip patch antennas.

The width of the dipole strip and position of the feed are
optimized to get good impedance matching at the feeding
port for the entire operating band of interest. Optimization
was accomplished with CST Microwave Studio 2017. The
water reflector’s dimensions play a significant role in achiev-
ing unidirectional pattern. The impacts of the water layer’s
length, width and thickness on the radiation properties have
been investigated and the results are presented in the next
section. The optimum dimensions of the antenna are selected
based on this parametric investigation; while selecting the
parameters, small size of the antenna and satisfactory radia-
tion performance are considered. The optimized dimensions
of the antenna configuration selected in our design are shown
in Table 1.

To achieve frequency tuning, a GaAs hyperabrupt varactor
diode (MGV 125-20-0805-2) from Aeroflex Metelics is used
in this design. This diode has good tuning range and low
internal resistance [29]. The DC bias supply limit of this
varactor diode is 0-20 V. For simulation analysis, the diode
is modelled in CST with its equivalent electrical circuit as

FIGURE 4. Equivalent circuit of the varactor diode.

TABLE 2. Applied reverse bias voltage and the corresponding junction
capacitance of the varactor diode [8].

illustrated in Fig. 4 [29]. The equivalent circuit of the varactor
diode is comprised of a parasitic inductance (Lp = 0.4 nH),
parasitic resistance (Rs = 1.6�), parasitic capacitance (Cp =
0.06 pF) and junction capacitance (Cj). The junction capaci-
tance varies with the variation of supply DC bias voltage. The
junction capacitance of the diode for the corresponding DC
bias voltage is shown in Table 2. Variation of the supplied
reverse bias voltage alters the junction capacitance of the
diode, thus, varies the resonance frequency of the antenna. So,
continuous frequency tuning is achieved by simply changing
the supply DC bias voltage.

IV. PARAMETRIC STUDY
The electromagnetic characteristics of the proposed antenna
largely depends on water reflector’s length, width, thickness
and the gap between dipole radiator and water reflector. The
potential impacts of these parameters on antenna behaviour
have been computed in CST Microwave Studio and the com-
puted results are exhibited in this paper. The influence of the
parameters are investigated for the junction capacitance of
0.46 pF (the resonance frequency of the antenna for 0.46 pF
junction capacitance is 2.44 GHz for the dimensions shown in
Table 1). It should be noted that for evaluating the influence
of one parameter, the remaining parameter values are kept
constant at the values given in Table 1.

A. EFFECTS OF WATER REFLECTOR’s LENGTH
Fig. 5 exhibits that the resonance frequency is not signifi-
cantly affected by the variation of the water reflector’s length,
on the other hand, Fig. 6 demonstrates how the radiation
pattern of the antenna changes with the variation of water
reflector’s length. It can be noticed that larger length of the
reflector increases the front radiation (+z- axis) and subse-
quently decreases the back radiation (−z- axis).

The computed front-to-back (F/B) ratio of the radiation
patterns at two principle planes for different water reflector’s
length are shown in Table 3 which clearly demonstrates the
change of F/B ratio with the change of the water reflector’s
length. The change in F/B ratio ismostly significant at smaller
lengths of the reflector. Targeting for an optimal F/B ratio and
less overall size, we have selected 56 mm as the length of the
reflector.
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FIGURE 5. The resonance frequency of the antenna for various length of
the water reflector.

FIGURE 6. The radiation patterns of the antenna at 2.44 GHz for various
length of the water reflector.

TABLE 3. Front-to-Back (F/B) ratio for different water reflector’s length.

FIGURE 7. The resonance frequency of the antenna for various width of
the water reflector.

B. EFFECTS OF WATER REFLECTOR’s WIDTH
Similar to the water reflector’s length, the width of the water
reflector has minor effects on the resonance frequency (see
Fig. 7), but put some major effects on the radiation pattern.
Fig. 8 shows the radiation patterns of the antenna at 2.44 GHz
for varying the width from 26 mm to 116 mm, the change in
radiation pattern is clearly visible from these results.

The computed front-to-back (F/B) ratio of the radiation
patterns at two principle planes for different water reflector’s
width are shown in Table 4 which explicitly shows the change
of F/B ratio with the change of the water reflector’s width,
however, for verywide reflector (116mm), the variation is not

FIGURE 8. The radiation patterns of the antenna at 2.44 GHz for various
width of the water reflector.

TABLE 4. Front-to-Back (F/B) ratio for different water reflector’s width.

FIGURE 9. The resonance frequency of the antenna for different
thickness of the water reflector.

very significant. The selected width for the optimum design
is 56mm, which gives good F/B ratio with small antenna size.

C. EFFECTS OF WATER REFLECTOR’s THICKNESS
Water reflector’s thickness significantly impacts the reso-
nance frequency and radiation patterns. Fig. 9 illustrates that
the resonance frequency changes with the change of water-
layer thickness. Water has dielectric loading effects on the
antenna, with the variation of water reflector’s thickness, the
loading effect also alters and the resonance frequency shifts
accordingly.

The thickness of the water layer has effects on its reflec-
tion characteristic which impacts the radiation pattern of
the antenna. The radiation patterns at the corresponding res-
onance frequencies for various water reflector’s thickness
values are plotted in Fig. 10 and the corresponding F/B ratio
for these thickness values are shown in Table 5. It can be seen
that for 2.5 mm thick water layer, good F/B ratio is achieved,
this thickness value is selected in our design, it can also be
noticed that for 3 mm thickness, the F/B ratio is negative
which indicates that main radiation goes towards -z-axis. So,
water layer thickness should be selected properly to get the
radiation in the desired direction with satisfactory F/B ratio.
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FIGURE 10. The radiation patterns of the antenna for different thickness
of the water reflector.

TABLE 5. Front-to-Back (F/B) ratio for different water reflector’s
thickness.

FIGURE 11. The resonance frequency of the antenna for varying the gap
between the dipole radiator and reflector surface.

D. EFFECTS OF THE GAP BETWEEN THE DIPOLE
RADIATOR AND REFLECTOR SURFACE
The gap between the dipole radiator and reflector surface (df)
significantly affects the radiation behaviour of the antenna.
The resonance frequency of the antenna for varying the gap
between the dipole radiator and reflector surface (df) is illus-
trated in Fig. 11 which shows that the resonance frequency
is slightly shifted with varying the gap. Fig. 12 exhibits how
the behaviour of the radiation patterns at 2.44 GHz changes
with the variation of the distance from the reflector surface to
the dipole radiator. The directivity of the antenna at 2.44 GHz
for varying the gap between the dipole radiator and reflector
surface is shown in Fig. 13. It is demonstrated that maximum
directivity is achieved at 16 mm (∼ λ0/8) distance, but in our
design, 8 mm distance is selected to keep the antenna size
compact while maintaining good directivity. The radiation
efficiency of the antenna with the increase of the distance
from the dipole radiator to reflector surface is illustrated in
Fig. 14, which demonstrates the gradual improvement of the
efficiency with the increase of the distance, at 8 mm distance,
the efficiency is about 56%.

V. PROTOTYPE FABRICATION
The design was prototyped by using three custom designed
3-D printed molds. The molds were fabricated with

FIGURE 12. The radiation patterns of the antenna at 2.44 GHz for varying
the gap between the dipole radiator and reflector surface.

FIGURE 13. The directivity of the antenna at 2.44 GHz for varying the gap
between the dipole radiator and reflector surface.

FIGURE 14. The radiation efficiency of the antenna at 2.44 GHz for
varying the gap between the dipole radiator and reflector surface.

photo-polymer resin in a Stereolithography (SLA) based 3-D
printer (Form 2 from Formlabs). After fabricating the molds
in the 3-D printer, antenna prototyping was started. At the
initial stage of the fabrication procedure, PDMS solution
was made with commercially available Dow Corning’s Syl-
gard 184 silicone elastomer kit by thoroughly mixing base
and curing agent at the ratio of 10:1. Then, the uncured
PDMS solution was one-by-one poured into the three 3-D
printed molds. PDMS solutions in three molds were then
simultaneously degassed in a vacuum desiccator to dispel the
air bubbles which appeared while mixing the base and curing
agent. Next, the PDMS solutions in the three molds were
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FIGURE 15. Photo of the PDMS blocks made from the 3-D printed molds.

FIGURE 16. Photos of the antenna prototype: (a) flat state, (b) bent state.

simultaneously cured in an oven by keeping about 3 hours
at 60◦ C. The cured PDMS blocks were then carefully taken
out from the molds. Three PDMS blocks were made from
these three molds as illustrated in Fig. 15. PDMS block 1
made from mold 1 was a square containing four side walls
(see Fig. 15). On the other hand, PDMS block 2 made from
mold 2 was a simple plain square (see Fig. 15). When block 2
was attached on top of block 1, a hollow PDMS cavity was
formed. Water was injected inside the cavity through the
PDMS wall by using a syringe. PDMS block 3 made from
mold 3 was a rectangle (see Fig. 15), which was attached on
top of the PDMS cavity to support the radiator.

The radiator of the antenna is a folded dipole made from
transparent conductive fabric VeilShield. The radiator was
made by cutting the VeilShield fabric with a very sharp
blade. Then, the varactor diode was connected to the radiator
by using MG Chemicals’s silver conductive epoxy adhe-
sive (having the resistivity of 0.0007 �.cm). To feed the
antenna, an SMA connector was connected to it by using
silver conductive epoxy adhesive. The fabricated prototype of
the antenna is shown in Fig. 16 where the left photo illustrates
the high transparency of the prototype by clear readability of
the texts and the right photo reveals its high flexibility through
bending to a low radius curvature.

VI. NUMERICAL AND EXPERIMENTAL PERFORMANCE
INVESTIGATION
The proposed antenna was numerically analysed and exper-
imentally tested for evaluating the validation of the design.
The simulation investigation was conducted for the junction
capacitance 1.1pF, 0.72pF, 0.46pF, 0.34pF and 0.097pF for
the corresponding DC bias voltage of 0V, 2V, 4V, 6V and 20V,
respectively.

FIGURE 17. Schematic diagram of the measurement procedure of the
antenna by simultaneously coupling the applied RF and DC supply
through the bias tee.

FIGURE 18. The input reflection coefficient measurement set-up of the
antenna.

To validate the design, measurements were also conducted
at five bias voltage stages. The input reflection coefficient
(|S11|) was measured in Agilent PNA-X N5242A network
analyzer, calibrated by an electronic calibration module
N4691B from Keysight. The reverse bias voltage was sup-
plied by aDCpower source (XG300-2.8 fromSorensen). The
DC supply was varied from 0 to 20V. The RF andDC supplies
were coupled in a bias tee and fed the antenna. The use of
bias tee avoids the need of complex biasing circuit that often
comes with extra cables. Such additions often not only affect
the antenna flexibility but also its radiation performance. The
schematic diagram of the measurement setting of the antenna
with the bias tee and DC power supply is illustrated in Fig. 17.
Fig. 18 shows the photograph of the |S11|measurement set-up
of the antenna. It can be noted that the external bias tee is used
here for simplicity in measurement for concept demonstra-
tion, in actual application scenarios, integrated bias tee can be
used. It can also be noted that using a balun is highly useful for
feeding a balanced dipole from an unbalanced coaxial cable
to avoid unwanted radiation from the coaxial cable and get
precise results. In our design, the demonstrated radiator is
an off-center-fed folded dipole antenna, so it is not perfectly
balanced and cable radiation would not drastically deteriorate
the antenna performance. It was ensured by touching the
cable during |S11| measurement, which showed minor effect
in the |S11| result. Hence, for simplicity, we have not used
balun in our measurements.

The predicted and measured results of |S11| at five bias
states are depicted in Fig. 19. The predicted |S11| are shown
for the five junction capacitance values and the measured
results are the |S11| for the corresponding DC bias volt-
age. The simulation results depict that the resonance fre-
quency shifts with the change of the junction capacitance,
which explicitly confirms the idea of frequency tuning oper-
ation. Moreover, promising similarity is visible between the
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FIGURE 19. Predicted and measured |S11| of the proposed antenna at
different bias states.

FIGURE 20. Predicted and measured far-field radiation patterns of the
proposed antenna at 2.38 GHz for the applied bias voltage of 0V.
(a) XZ-plane, (b) YZ-plane.

predicted and measured results, confirming the validation
of the design. The small variance in results attributes to
the fabrication tolerance. The results of Fig. 19 exhibit that
with the increase of DC bias voltage (decreasing junction
capacitance), resonance frequency shifts to higher band. The
observed resonance frequency tuning range of the antenna is
from 2.38 to 2.67 GHz with an average 10-dB return loss
bandwidth of about 170MHz. It can be noticed that frequency
tuning operation is achieved by the varactor diode with good
matching and bandwidth at every bias state.

The far-field radiation patterns of the antenna were mea-
sured in NSI700S-50 spherical near-field antenna range. Like
|S11|measurements, the reverse bias voltage was supplied by
a DC power source (XG 300-2.8 from Sorensen), the RF and
DC supplies were coupled through the bias tee. Fig. 20 and
Fig. 21 represent the measured normalized radiation patterns
at 2.38 GHz and 2.67 GHz for the applied DC bias voltage of
0V and 20V, respectively. The patterns show that the antenna
radiates at broadside direction like amicrostrip patch antenna,
thus, validates the proposed design. Similar broadside pat-
terns aremaintained at the intermediate bias states also, which
are not shown here for clarity.

The corresponding resonance frequency, peak gain, and
efficiency of the antenna at different bias states are exhib-
ited in Table 6. The results explicitly state that the explored

FIGURE 21. Predicted and measured far-field radiation patterns of the
proposed antenna at 2.67 GHz for the applied bias voltage of 20V.
(a) XZ-plane, (b) YZ-plane.

TABLE 6. Antenna performance at different bias states.

technique can be implemented for frequency tuning opera-
tions in transparent flexible antennas.

VII. LOSS ANALYSIS OF THE ANTENNA
The above investigation exhibits that the demonstrated
frequency reconfigurable antenna achieved an efficiency
between 48.3% to 57.7%. It is worthy to investigate the
major factors contributing to the losses of the antenna and,
thus, identify the possible solution to minimize the losses
and increase the efficiency. A simulation investigation was
conducted for each bias state and loss occurred in the indi-
vidual material at the corresponding resonance frequency
was observed, which are depicted in Table 7. From this loss
analysis, it is observed that at every bias state, VeilShield
contributes major power loss which is more than 30%, on the
other hand, nearly 10% power is lost in PDMS at each bias
state. Water contributes negligible loss compared to Veil-
Shield and PDMS. It can be noted that the main radiator of the
antenna is the folded dipole made with VeilShield which has
much higher resistance (0.7 �/sq equivalent sheet resistance
after PDMS percolation) than the traditional rigid conductors.
The high resistance is responsible for most of the power loss
of the antenna. However, despite the lossy nature, VeilShield-
PDMS composite can be a potential substitute for the devel-
opment of transparent-conformal antennas because of its
remarkable characteristics of high transparency, robustness
and easy processing. These characteristics cannot be found
simultaneously in other transparent materials. In future, more
research explorations can be conducted to increase the effi-
ciency by reducing the losses contributed by the associated
materials. One possible approach for reducing the loss of the
PDMS can be doping it with low loss micro-particles, e.g.,
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TABLE 7. Loss in different materials at different bias states of the varactor diode.

TABLE 8. Performance comparison with previous water-based reconfigurable antennas.

glass microspheres, the similar approach as utilized by [30]
in millimeter-wave band. Another possibility is to improve
the conductivity of the transparent fabric, for instance through
multiple conductive coating of the fabric [31].

VIII. COMPARISON AND DISCUSSION
The numerical analysis and experimental results certainly
reveal that the proposed antenna can be an excellent candidate
of frequency reconfigurable flexible and transparent antenna.
It is worthy to conduct a performance comparison with other
state-of-the-art water-based reconfigurable transparent anten-
nas to demonstrate the advantages of the proposed design.
Table 8 exhibits the comparison of the proposed antenna with
some recent water-based reconfigurable antennas, this com-
parison includes tuning parameters, mechanism to achieve
parameter tuning, types of water used in antenna designs,
transparency and flexibility of the antennas and the materials
used in the water holders. It is ascertained that the reported
reconfigurable water antennas in literature are not simultane-
ously transparent and flexible. Moreover, to the best of our
knowledge, our proposed antenna is the first reported trans-
parent and flexible water-based antenna integrating active
electronic component for frequency tuning operation. In addi-
tion, it can also be noted that some transparent water anten-
nas demonstrated in Table 8 (i.e., [32], [33] and [17]) have
opaque rigid ground planes, so these antennas are not entirely
transparent. In contrast to these designs, our explored design
has used water reflector to form unidirectional radiation,
in this design, the main radiator is made from transpar-
ent fabric which makes the prototype entirely transparent
and flexible. In comparison to other water-based reconfig-
urable antennas, our proposed antenna incorporates some
remarkable characteristics (i.e., realized from transparent
and flexible conductive and dielectric materials, integration
of tiny varactor diode to achieve frequency tuning, unidi-
rectional pattern by using water reflector contained inside
transparent-flexible container) which position it as a unique
design.

IX. CONCLUSION
A unique design of active frequency reconfigurable antenna
is demonstrated in this paper. The investigated antenna has
highly flexible and robust structure, excellent optical trans-
parency and unidirectional radiation pattern. The antenna is
manufactured from flexible, robust, easily available and low-
cost materials. The main radiator of the antenna is a folded
dipole made from flexible transparent fabric and backed by a
water reflector which transforms the omnidirectional pattern
of the folded-dipole to unidirectional broadside pattern. Fre-
quency tuning operation is achieved by incorporating a tiny
varactor diode in the main body of the radiator. Integration of
the varactor diode in the folded dipole avoids the requirement
of extra bias circuitry, thus, improves design simplicity and
radiation purity. The equivalent junction capacitance of the
varactor diode varies with the change of supply DC bias
voltage, which in turn switches the operating frequency of
the antenna. By controlling the supply DC bias voltage, the
resonance frequency of the antenna can be adjusted to the
desired level. The measured results of the fabricated proto-
type exhibit promising performance. It is revealed that the
explored design can be implemented to develop low-cost,
electronically tunable, visually imperceptible, robust, flexible
and unidirectional antennas. In future, alternative liquids can
be investigated which have comparable electrical and physi-
cal properties with water and are not reactive to PDMS, and
to evaluate the antenna performance with those liquids.
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